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FrictionThe effect of tool surface roughness topography on tow-on-tool friction relevant to the dry forming of
composite fabrics is investigated. A comprehensive range of tool average surface roughness Ra values
from 0.005 to 3.2 lm was used in friction testing with carbon fibre tows. The measured slope of these
surfaces, which is the critical surface topographical characteristic, increased significantly with increasing
roughness amplitude. Friction was found to be sensitive to roughness topography for very smooth sur-
faces (Ra < 0.1 lm) and increased with decreasing roughness slope and amplitude. For rougher surfaces
(Ra > 0.1 lm), friction was relatively insensitive to roughness slope and amplitude. A finite element ide-
alisation of the tow-on-tool contact was used to explain these results in terms of the level of tow-tool
conformance. Smooth surfaces have low slopes which allow good conformance, and hence high real con-
tact area and friction. Rougher surfaces have high slopes, particularly at shorter wavelengths, which pre-
vents good conformance. In this case, point contact between fibres and surface dominates, leaving the
resulting friction less sensitive to roughness.
 2016 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY license (http://
creativecommons.org/licenses/by/4.0/).1. Introduction
Carbon fibre based composite parts are often produced by a dry
fabric pre-forming stage whereby a metal tool presses carbon fab-
ric layers into the required shape before subsequent resin infusion.
Presently, the fabric forming step must be designed by an iterative
process owing to the absence of a robust predictive modelling tool.
Forming industry practitioners would like to be able to predict
forming forces, part thicknesses, wrinkling, void formation and
fabric deformation, etc., but achieving this requires a better under-
standing of the underlying physical phenomena in the forming
process. A particular issue is the frictional behaviour both between
tool and fabric and between fabric layers.
Since the carbon fibre tow is the basic building block for a fab-
ric, recent work on friction in composites forming [1–5] has
focused on tow-on-tool and tow-on-tow friction as a first step.
Our own group investigated some of the fundamental mechanisms
at play in Mulvihill et al. [5] (using techniques developed previ-
ously by Smerdova and Sutcliffe [6,7]). Here, it was shown for
the tow-on-tool case that the ‘real’ fibre contact length at the
tow frictional interface is not a constant following from anidealised assumption of parallel touching fibres, but increases in
a characteristic repeatable manner with increasing normal load.
Accounting for this evolving contact length in a Hertzian calcula-
tion of the real contact area (assuming cylindrical fibres) produced
a contact area versus load variation which differed only by a con-
stant factor compared with the measured friction force curves.
The friction force curves took the form F = kWn, whereW is the nor-
mal load and k and n are experimentally determined constants. The
exponent n was generally within the range 0.7–1. Such exponents
come about due to the combination of an increasing real contact
length and an increasing Hertzian contact width, in a manner anal-
ogous to the way that Greenwood andWilliamson’s theory [8] pro-
duces an exponent close to unity for elastically deforming rough
surfaces. The constant factor between the area and friction force
means that the tow behaviour agrees with the ‘constant interface
strength’ model of friction developed by Bowden and Tabor [9],
i.e. that friction force F = sA, where s is the constant interface shear
strength and A is the real contact area under the fibres (interface
strength swill clearly be related to the strength and surface energy
of the sizing on the fibres). In this model the real contact area has a
key role in determining the frictional behaviour. This finding can
be used to explain various experimental observations. For example,
Mulvihill et al. [5] and Cornelissen et al. [1] explained the higher
friction measurements found for tow-on-tow contact in the paral-
lel arrangement, as compared with the perpendicular arrangement,
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case of perpendicularly contacting tows. Likewise, the higher fric-
tion noted in [5] for the more highly sized (i.e. coated) tow was
ascribed to a correspondingly higher real contact area. The number
of fibres per tow was found by Chakladar et al. [4] to have little
effect on the friction coefficient; presumably changing from a 6 k
to a 12 k tow does not change significantly the interfacial real con-
tact area as a fraction of the nominal contact area.
In tow-on-tool contact, another parameter which might be
expected to affect frictional behaviour is that of tool surface rough-
ness topography; this is the subject of the present paper. Roselman
and Tabor [10] investigated this effect by sliding an individual car-
bon fibre against stainless steel counterfaces having four different
roughness values (Ra = 0.01, 0.05, 0.26 and 0.95 lm). They found
that friction decreases as the counterface roughness increases.
The most significant decrease occurred in moving from an Ra
roughness of 0.01 lm to one of 0.05 lm, while the friction differ-
ence between the rougher surfaces (from 0.05 to 0.95 lm Ra)
was smaller. Cornelissen et al. [3] carried out friction measure-
ments with carbon, E-glass, and aramid tows in contact with two
steel counterfaces having Rq roughness values of 0.02 and 1.1 lm
(Ra of approximately 0.018 and 1 lm). For each tow type, the
smoother counterface again gave higher friction. Both Roselman
and Tabor [10] and Cornelissen et al. [2] have explained this beha-
viour by noting that smoother surfaces should allow greater real
contact area under the fibres and, hence, higher friction. They each
put forward a model based on a calculation of the real contact area
assuming smooth cylindrical fibres undergoing Hertzian contact
with spherically tipped asperities (with constant radius) arranged
on the counterface. In Roselman and Tabor [10], the asperities were
simply placed along the counterface at a constant height, while
Cornelissen et al. [2] gave the asperities a Gaussian distribution
of heights and used a Greenwood and Williamson type analysis
[8] for calculating the contact area. For their rougher surface, Cor-
nelisson et al. [2] introduced a second scale of larger sized asperi-
ties (again with constant radius): an effective nominal contact area
was first calculated based on the fibres contacting the larger sized
asperities (again spherically tipped), and the Greenwood and Wil-
liamson approach was then reverted to for calculation of the real
contact areas within each of these nominal contact patches. Both
groups were able to use their model to show a greater real contact
area for the smoother surface and thus infer a higher level of
friction.
The above contact mechanics models are based on approaches
from contact mechanics [11] and from Greenwood and Williamson
[8] which have been used successfully for contact between hard,
rigid, rough surfaces such as for the titanium alloy metal-to-
metal contacts occurring in Mulvihill et al. [12,13]. However, this
type of model breaks down where the ratio of true to nominal con-
tact area is large, as can occur with soft conformal contacts. This
may indeed be relevant for contact between a soft fibrous tow
and a hard rough tool surface. Moreover, at small length scales
the bending resistance of the fibres may become important. The
assumption of Cornelisson et al. [2], that the tow fibres remain as
straight cylinders as they are pushed into the distribution of asper-
ities on the tool, may not be appropriate. These issues are explored
in the paper.To understand better the problem of compliant rough
contacts, it is useful to consider Westergaard’s analysis [14] for a
two-dimensional contact between a smooth rigid surface and a
deformable surface with sinusoidal roughness, where there is a
large amount of contact between the surfaces (see Johnson [11]).
In this case the contact pressure p is related to the amplitude a
and wavelength k of the sinusoidal roughness by the expression:
p ¼ pE
a
k
sin2
pA
k
 
; ð1Þwhere E⁄ is the effective contact modulus and A is the half-width of
each contact patch. This result illustrates how, for a given contact
area ratio 2A/k (i.e. the ratio of the true to the nominal contact
areas), the contact pressure is proportional to the ratio a/k of the
amplitude to the wavelength of the roughness. This ratio a/k is a
characteristic slope of the roughness topography. Conversely
increasing a/k results in a reduced contact area at a fixed pressure.
There is a critical pressure p⁄ given by
p ¼ pE
a
k
ð2Þ
above which there is complete conformance between the two sur-
faces, with 2A = k. More recently, Persson [15] has developed a the-
ory for contact of soft surfaces such as rubber, to allow for different
wavelengths of roughness that are present.
From this review of rough contacts it is possible to identify a
number of gaps in the present understanding of the role of coun-
terface roughness for contact of fibrous tows with rough surfaces.
Firstly, only two surface roughness values were used in the only
available work [3] where the effect of tool roughness in tow-on-
tool friction was studied (Roselman and Tabor’s work [10] was
on single fibres). Therefore, there is a need for a more thorough
experimental investigation. Secondly, although the models dis-
cussed above are helpful in broadly understanding the results,
there are some areas of over-simplification that require improve-
ment. One obvious (and only recently identified) over-
simplification has already been mentioned: that the real fibre con-
tact length is not a constant based on an idealised arrangement of
parallel touching fibres as assumed for the model in Cornelisson
et al. [2], but increases in a particular manner with normal load
as described by Mulvihill et al. [5]. Another important point is that
the models discussed above make no allowance for the confor-
mance of the carbon fibres with the rough surface. The fibres are
long slender cylinders which lie on a bed which is soft relative to
the metal counterface, consisting of thousands of other loosely
packed fibres. It is hypothesised that elastic deformation of the
fibres and tows can significantly affect the conformance of the
fibres with rough surfaces, hence altering the real contact area
and friction. With this picture of the contact, the topographical
parameter of the surface that is mostly likely to influence friction
is not the roughness amplitude, but rather the characteristic slopes
of the surface which will affect the conformance, as per the
Westergaard model of contact. Moreover, it is likely that roughness
at different length scales will have different slopes so will influence
friction in different ways. The present paper undertakes a compre-
hensive experimental study of the effect of tool surface roughness
on tow-on-tool contact by taking friction measurements with
counterfaces having eight different Ra roughness values over a very
wide range varying from 0.005 to 3.2 lm. A spectral analysis of the
surface roughness profiles, together with a finite element contact
modelling approach based on a Westergaard [14] type analysis of
an soft sinusoidal surface pressed against a rigid flat, is then used
to explain the friction results in terms of the degree of tow confor-
mance with the rough surface. The critical effect of roughness slope
on the conformance and friction is explored.2. Friction measurements
2.1. Materials and methods
Tests were performed on T700SC-12k-60E carbon fibre tows
(Toray Industries, Tokyo, Japan [16]), where‘T700S’ is the fibre type
(tensile strength of 4.9 GPa), ‘C’ denotes that the fibres were never
twisted, 12k is the fibre count and ‘6’ gives the sizing type (in this
case compatibility with epoxy). The letter ‘E’ corresponds to a siz-
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diameter was measured as 7 lm in a scanning electron
microscope.
During the friction test, the tow was pulled out from between
two matched surfaces. Each of the eight surface pairs used had dif-
ferent amplitudes of surface roughness ranging from Ra values of
0.005 to 3.2 lm. Seven of the sample pairs (Ra = 0.0125, 0.025,
0.05, 0.1, 0.4, 1.6 and 3.2 lm) were produced by cutting out the
roughness patches on industrial standard surface roughness com-
parators (Microsurf Series, Rupert and Co. Ltd., UK), as illustrated
in Fig. 1. Wire electro-discharge machining was used to cut the rel-
atively thin samples out without distortion. The ‘surface ground
roughness comparator’ (Microsurf Series No. 315) supplied the
Ra = 0.025–3.2 lm sample pairs while the ‘polished surface rough-
ness comparator’ (Microsurf Series No. 336) was required for the
smoother Ra = 0.0125 lm surface. These samples are made by
nickel electroforming to give an accurate and reproducible surface
roughness. They were chosen as the counterfaces to ensure repeat-
able and traceable topographies typical of ground and polished
surfaces. The smoothest surface (Ra = 0.005 lm) was not available
from one of the roughness comparators and hence soda lime glass
was used.
The samples (measuring 21  13 mm) were then glued to an
upper and lower plate to facilitate testing as shown in Figs. 1 and
2. Gluing was performed in a clamping apparatus with parallel
upper and lower platens which ensured parallelism between the
top surface of the roughness patches and the bottom surface of
the plates. As shown in Fig. 2, the tow is sandwiched between
the two samples during the test with the entrance edges rounded
to prevent any edge effect on the friction results. The experimental
rig used for testing is the same as that used in Mulvihill et al. [5]. A
schematic side and plan view is given in Fig. 3. The rig allows appli-
cation of normal loads W and measurement of the associated fric-
tion force F at each normal load step.
To perform the tests an appropriate length of tow was first cut
from the creel. The cut was made across sections which were
wrapped with masking tape so as not to interfere with the arrange-
ment of fibres. Two additional taped sections were also created, at
some distance from either side of the contact zone, to preserve the
condition of the tow in the test section. The tow was then held in
the double clamping fixture shown in Fig. 3 and positioned to rest
on the roughness sample on the lower plate. The sample on theFig. 1. Process for creating roughness samples from an industrial surface roughness
comparator. Cut-out roughness patch dimensions: 21.2  13 mm. (For interpreta-
tion of the references to colour in this figure legend, the reader is referred to the
web version of this article.)upper plate was balanced on top of the tow. Additional load was
then applied by screwing down on four compression springs so
that the spherical tips of two button load cells (fixed to transverse
arms) pressed onto the surface of the cover plate. These two points
of load application are equidistant on either side of the tow so that
applying equal loads (determined using the load cell readout)
ensures an even load with the upper plate remaining parallel to
the lower plate. For each normal load step, the associated friction
force was measured as the tow was pulled out by a distance of
1 mm at a constant speed (0.0066 mm/s) using a screw-driven lin-
ear stage. Most tests consisted of about 14 normal loading steps
resulting in a total distance of travel of about 14 mm. A new tow
specimen was not used for each normal load step as variability
between sections of tow cut from the creel introduced variability
into the F-W curve, thereby, somewhat obscuring the underlying
behaviour associated with increasing the normal load. Instead
the entire test was done by ‘pulling through’ the same tow speci-
men. After each 1 mm pull-through, the stage was stopped and
the procedure repeated by further increasing the normal load.
Two adjustable ‘stops’ were positioned against the upper plate to
prevent horizontal movement during tow pull-out. The nominal
length of tow in contact was 21.2 mm and the effective tow width
was 7.7 mm. Note, that the tow fibre direction was perpendicular
to the grinding marks (for the surface ground samples).
Normal load was recorded by summing the output from the two
miniature button load cells (LBS-5, Interface Force Measurements,
Arizona USA) and this load was converted to a nominal pressure p
using the appropriate tow nominal contact area. Tangential force
during tow pull-out was measured using a single universal ten-
sion/compression load cell (SML, 5 lb, Interface Force Measure-
ments, Arizona, USA) mounted between the clamping fixture and
the linear stage (Fig. 3). Note that the pulling force from the tow
aligns with the centre of the load cell as shown by the red centre-
line in Fig. 3 (even though the double-clamping arrangement is off-
set from this centreline). The load cells were connected through a
full bridge amplifier to a desktop PC via a data acquisition device
(NI USB-6009) and a LabVIEW program was written to acquire
and output the load data. The friction force was then extracted
from the tangential force versus distance traces as the maximum
value of the static friction peak (i.e. static friction). This value
was halved in order to be representative of one contact surface
only.2.2. Topography of experimental rough surfaces
This section presents a detailed analysis of the roughness pre-
sent on the surfaces, using spectral analysis to understand the
effect of length scale on the height and slope of the roughness pre-
sent. A Taylor Hobson Form Talysurf i120 contact profilometer
with a 2 lm radius diamond tip was used to measure the surface
of the samples. Line profiles were taken in the direction corre-
sponding to the tow fibre direction in the experiments. The trace
length was 15 mm and the sampling interval was 0.25 lm. The
raw data was imported into Matlab for spectral analysis. First form
error was removed using a fourth order polynomial, then a fast-
Fourier transform (FFT) implementation was used for the fre-
quency analysis, using Welch’s method of ensemble averaging to
improve the quality of the spectrum (see Stoica and Moses [17]).
Moreover, for the short wavelength components, frequency
smoothing was used to smooth out the very dense and hence noisy
spectrum. Fig. 4 plots the power spectral density for the test sam-
ples. Two repeats, taken from the top and bottom plates, are given,
showing good repeatability of the spectra. There is an increase in
contributions to the roughness amplitude across the frequency
range with increasing sample roughness.
Fig. 3. Schematic diagram of experimental rig. Side view (top) and plan view
(bottom).W is normal load, F is tangential load. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this
article.)
Fig. 2. Contact arrangement for tow-tool roughness testing. The tow is positioned between a pair of flat surfaces of known roughness. Normal load W is applied and friction
force F is measured during tow pull-out.
Fig. 4. Roughness power spectral density Pxx for the surfaces with different nominal
average roughess Ra values as given in the legend. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
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the spectrum over an appropriate range of wavelengths. Here we
define the total roughness as due to all wavelengths shorter than
800 lm. The Rq roughness amplitudes associated with wavelengths
of 10 and 100 lm are defined as being due to contributions from
the spectrum between 3.3 and 33.3 lm for the 10 lm effective
wavelength, and between 33 and 333 lm for the 100 lm wave-
length. Although a rather broad-brush idealisation, this partition-
ing of the spectrum allows an evaluation of the effect of different
wavelengths of roughness. Table 1 gives the total Rq roughness
for the different samples, identified by their nominal Ra values,
while Fig. 5 plots the amplitude of the roughness associated with
the 10 and 100 lm wavelengths, as a function of the total Rq
roughness.
Following Westergaard’s theory, Eq. (1), it is expected that the
ratio a/k of the roughness amplitude to wavelength, i.e. a charac-
teristic slope, will play an important role. The amplitude of an
equivalent sinusoidal roughness was taken as equal to 1/
p
2 timesthe Rq roughness from either the 10 lm or the 100 lmwavelength
roughness values, as would be appropriate for a sinusoidal profile.
The variation of the ratio a/k with sample total Rq roughness is
given in Fig. 6. Noting the logarithmic scales used for this plot,
there is a steep rise in a/k with increasing total Rq roughess. More-
over the roughness at a wavelength of 10 lm has a larger value of
a/k than the 100 lm wavelength roughness. Hence, we can under-
stand that any observed changes in friction behaviour associated
with the different surfaces used are likely to be due to these
increases in slope which correlate with increases in roughness
amplitude.
2.3. Friction results
Fig. 7 shows the friction force versus normal load plots for sur-
face roughness Ra values between 0.005 and 1.6 lm. For clarity, the
result for the roughest surface (Ra = 3.2 lm) is not shown in Fig. 7,
but is included in Fig. 8 which plots the coefficient of friction f = F/
W against average roughness (Ra) for the final load increment of
the tests (at a nominal pressure of 263 kPa). The overall trend for
the tows (Fig. 8) is similar to that reported by Roselman and Tabor
[10] for single fibre contact with a metal counterface; namely, that
friction is not so sensitive to roughness at moderate and higher Ra
values (Ra > 0.1), but increases markedly as the surfaces become
very smooth (Ra < 0.1 lm). The biggest changes in friction occur
between the three smoothest surfaces (i.e. 0.025 to 0.0125 to
0.005 lm); whereas, there is little change between 0.1 and
3.2 lm. There is a factor of two difference between the lowest
and highest friction coefficients reported in Fig. 8. However, many
engineering surfaces will lie within the range Ra = 0.1–3.2 lm
where sensitivity to the roughness effect is relatively minor. The
reason for the higher friction on the smoother surfaces has been
Fig. 5. Effective Rq roughness at different wavelengths (10 and 100 lm) for the
different samples, as a function of total Rq. Surface spectral data was characterised
with k = 10 lm representing the range of wavelengths 3.3–33.3 lm, k = 100 lm
representing 33–333 lm wavelenths and the total Rq being based on the
wavelength range 0–800 lm. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
Fig. 6. Effective height to wavelength ratio a/k (i.e. characteristic slope) for the
samples with different total Rq roughness heights. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
Fig. 7. Friction force versus normal load for tow in contact with surfaces with
varying degrees of roughness amplitude (Ra from 0.005 to 1.6 lm). Nominal
pressure at max load: 263 kPa.
Fig. 8. Friction coefficient versus nominal average surface roughness amplitude at
the highest load increment (i.e. at a nominal pressure of 263 kPa).
Table 1
Relationship between sample nominal Ra roughness and measured total Rq roughness (i.e. Rq calculated based on wavelengths below 800 lm).
Ra (lm) 0.005 0.0125 0.025 0.05 0.1 0.4 1.6 3.2
Rq (lm) 0.0086 0.029 0.043 0.083 0.15 0.57 1.96 4.02
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under the individual fibres. As mentioned in Section 1, this expla-
nation has already been given some justification using an asperity
modelling approach based on Hertzian contact of spherically
tipped asperities on the tool surface with the cylindrical tow fibres[2,10]. In Sections 3 and 4, however, we show how the spectral
analysis of the various roughness wavelengths accompanied by
an appropriate model for tow-tool contact can offer useful insight
into explaining the level of tow real contact area in terms of the
degree of conformance of the tow fibres with the surfaces. These
sections emphasises the importance of changes in slope with
roughness amplitude on the observed changes in friction.
Finally, we note that the friction force F versus normal load W
curves for the various rough surfaces in Fig. 7 agree with the power
law description of tow friction (F = kWn) which was discussed at
length from a fundamental perspective in Mulvihill et al. [5].
Table 2 shows the values of the fitting coefficients k and n for each
of the surfaces tested. The value of the exponent n lies in the range
0.71–0.91, but appears to increase somewhat with surface rough-
ness: at Ra = 0.005 lm, n = 0.71, while for Ra = 3.2 lm, n = 0.91. This
change in exponent appears reasonable if we consider that increas-
ing roughness on the counterface surfaces is likely to cause pro-
gressive departure from the ideal Hertzian cylinder-on-flat case
where the exponent would be n = 0.5. As pointed out by Barber
[18], the greater the multiscale nature of the surfaces, the more
the exponent will tend to approach unity.
Fibre direction 
Tow 
Initial profile Deformed 
profile 
Fixed rigid tool 
Semi wavelength /2 
H 
Displacement 
2a
Contact  
half-width A
Fig. 10. Tow-tool contact idealisation for finite element modelling (i.e. deformable
continuum with equivalent tow elastic properties pressing onto a rigid sinusiodal
surface).
Table 2
Power law fitting coefficients for friction force F versus normal load W (i.e. F ¼ kWn)
for the tow in contact surfaces of varying roughness.
Ra (lm) k n
0.005 0.72 0.71
0.0125 0.47 0.77
0.025 0.27 0.86
0.05 0.22 0.89
0.1 0.19 0.90
0.4 0.18 0.91
1.6 0.19 0.89
3.2 0.19 0.91
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This section presents a finite element (FE) idealisation of the
tow-on-tool contact. The results of this analysis are used in the fol-
lowing section to understand the measured effect of roughness
topography on friction described above. To model the tow-on-
tool contact scenario illustrated in Fig. 9, we consider an idealisa-
tion akin to theWestergaard approach, as shown in Fig. 10. A rough
rigid tool with a repeating sinusoidal profile of amplitude a and
wavelength k is in contact with a deformable continuumwith elas-
tic properties representing the tow. Owing to the complex aniso-
tropic mechanical properties of the tow, an FE treatment is used.
Only a region of tow of height H above the contact is modelled.
The tool is modelled as a fixed rigid surface, and the tow is mod-
elled with plane strain elastic elements. The contact between the
surfaces is frictionless. Symmetry conditions are applied at the
sides of the model, and the top of the model is loaded with a uni-
form displacement. The mean applied pressure is derived from the
reaction force at the tool. The key difference between this approach
and that of Cornelisson et al. [2] is that equivalent mechanical
properties are used for the tow as a whole, which means that the
rough counterface makes contact with a soft highly deformable
body representing the fibrous assemblage rather than with cylin-
ders having the much stiffer mechanical properties of the carbon
fibres and which are constrained to remain straight.
The tow elastic properties were modelled using two element
types. The transverse modulus of the tow Et associated with com-
pression of the tow bundle was modelled by rectangular solid ele-
ments (Abaqus element CPE4) with modulus Et = 1 MPa and an
assumed Poisson’s ratio of tt = 0.3. The transverse modulus for
the tows used in the experiments was derived from tests using
the compression rig, by finding the variation in tow thickness with
applied load over the range of loads applied in the friction tests.Tow
Rough tool
Fibre direction
Rough tool
Fig. 9. Contact between a fibrous tow and a rough (ground) surface representing
the tool.The effective modulus increased relatively gently with compres-
sive strain after an initial compaction phase. The value chosen
was appropriate to intermediate pressures applied.
The stiffness associated with fibre bending and shear was mod-
elled using Timoshenko beam elements. Rather than modelling
individual fibres, these beam elements represented a group of
fibres within a given cross-sectional area of the model. For a beam
element representing a cross-sectional area a, the associated fibre
cross-sectional area is given by vfa where vf is the fibre volume
fraction. Hence the required axial stiffness is given by Efvfa, where
Ef is the fibre modulus for loading along the fibre direction, taken
from the manufacturer’s data sheet for T700 fibres [16]. The bend-
ing stiffness B of the beam element associated with bending of the
circular fibres within the cross-section is given by Liu et al. [19] as
B ¼ Ef d
2
16
tfa; ð3Þ
where d is the fibre diameter, taken as 7 lm from the manufac-
turer’s data sheet [16], as confirmed from SEM measurements.
Finally, the shear stiffness S of the beam is given by
S ¼ kGftfa; ð4Þ
where the fibre shear modulus Gf is here assumed to be given by Eft/
(2(1 + tf)), where Eft is the transverse fibre modulus and tf is the
fibre Poisson’s ratio, taken as 17 GPa and 0.31, respectively (Mou-
nier et al. [20]). The shear factor k is taken as 0.89, appropriate to
a cylindrical beam geometry (Cowper [21]). Material properties
for the simulations are collected together in Table 3.
The analysis used an implicit large deformation analysis within
Abaqus 6.12 [22]. A mesh refinement study was used to determine
that a uniform rectangular grid of 40 elements along the length of
the profile and 120 elements in the height direction was sufficient
to give a converged solution. Because of the strong anisotropy of
the tow, the perturbation in strains due to the surface profile
extends only a very short way into the tow (c.f. the orthotropicTable 3
Material properties used in simulation.
Ef (GPa) Gf (GPa) Et (MPa) tt
230 6.5 1.0 0.3
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of k was sufficient to give an accurate solution.
3.1. Finite element results
The results showed an increase in contact area with contact
pressure typical of the Westergaard solution, Eq. (1). The pressure
associated with significant contact (or conformance) was charac-
terised by p⁄, the pressure at which the surfaces were in complete
contact. This value was extracted automatically from the Abaqus
output file using Python and Matlab scripts. Fig. 11 plots the effect
of the ratio a/k of the waviness amplitude to wavelength on p⁄, nor-
malised by the transverse tow modulus Et. Results are shown for
three wavelengths k = 10, 100 and 1000 lm. The critical pressure
is approximately linearly related to a/k, reflecting the correspond-
ing dependence given by the Westergaard solution, Eq. (1), for the
isotropic elastic solution. There is an additional strong dependence
on the wavelength (comparing plots for k = 10, 100 and 1000 lm),
with longer wavelengths being deformed more easily and having a
smaller p⁄ at a given a/k. This dependence on wavelength, over and
above the expected slope dependence, reflects the reduced bend-
ing resistance of the fibres with increasing fibre radius of
curvature.
The sensitivity of the results to assumed elastic properties is
assessed by taking the calculation for a/k = 0.005, k = 100 lm, and
doubling in turn the assumed values of Ef, Et and Gf. These increases
in Ef, Et and Gf result in increases in p⁄ of 56%, 14% and 25%, respec-
tively. Results show the greatest sensitivity to Ef, emphasising the
important role of fibre bending stiffness. Reducing the tow Pois-
son’s ratio tt from 0.3 to 0.15 results in a 3% drop in p⁄, demon-
strating relative insensitivity to this parameter. For the same
case, the Westergaard model for an isotropic elastic solid would
give the same value of p⁄ as the FE tow model by taking a value
of E⁄ = 118 MPa. That this value is neither near the transverse mod-
ulus Et of 1 MPa nor the fibre modulus Ef of 230 GPa confirms the
need for the more sophisticated elastic model undertaken here.
4. Application of modelling to experiments and discussion
The above FE calculations provide a way of understanding the
likely contact and hence friction behaviour in the experimentsFig. 11. Effect of height to wavelength ratio a/k (i.e. charateristic slope) and
roughness wavelength k on p⁄/Et, the critical contact pressure required to give
complete contact normalised by the tow transverse stiffness. The dashed part of the
line for k = 10 lm is an extrapolation of a quadratic fit to the data (the solid lines in
each case). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)with rough surfaces. For a given roughness geometry, first the
characteristic slopes a/k at 10 and 100 lm wavelengths can be
found from Fig. 6. Fig. 11 then gives the corresponding pressure
p⁄ for complete contact for these wavelengths of roughness, using
the quadratic fit to the data shown as solid lines in this plot to
extrapolate beyond the range of the calculations. Where the
applied pressure falls below p⁄ then the contact area ratio 2A/k is
assumed to be given by Eq. (1) (an assumption which the FE results
confirm is reasonable). The final element in the analysis is to treat
the problem as a two-scale contact. The average pressure at the
100 lm length scale is taken equal to the applied nominal pres-
sure, to first allow calculation of the corresponding contact ratio
(2A/k)100 for this length scale. Now the 10 lm roughness analysis
applies, but only to those parts of the 100 lm roughness found
to be in contact. The nominal pressure on these shorter wavelength
asperities equals the overall nominal pressure divided by the con-
tact ratio (2A/k)100.
The results of the above calculations are detailed in Table 4 for a
nominal pressure equal to the maximum value used of 263 MPa.
Each line in the table corresponds to a different roughness ampli-
tude. The contact ratios 2A/k at 100 and 10 lm length scales are
included towards the right of the table. For the smoothest surface,
the slopes are sufficiently small that complete conformance is pre-
dicted for the 100 lm scale of roughness and 67% contact is pre-
dicted for the 10 lm scale roughness. Hence, for this smoothest
surface, conditions between the fibres and rough surface tend to
those of a line contact. This prediction is confirmed by observations
of the fibre contact with glass surfaces, which show such a line
contact behaviour [5,7]. However, as the Ra amplitude and slope
increases, the contact ratio of the small scale roughness decreases
to a value of 0.1 for an Ra of 0.05 lm. For this case the contact
length between the fibre and tool at this length scale is only
1 lm, significantly less than the fibre diameter. Contact between
the fibre and tool is now close to point contact conditions. For
roughness amplitudes of 0.1 lm and above, the predicted critical
pressures for complete conformance are greater than 20 times
the tow transverse modulus, and use of the extrapolated FE calcu-
lations to predict contact conditions becomes increasingly unreli-
able. Nevertheless it is expected that point contact conditions
continue to pertain for these rougher surfaces. It is important to
note that the critical factor in the transition from line to point con-
tact is associated with the shorter wavelength roughness, which
has higher slopes and which brings into play fibre bending
stiffness.
The friction coefficient results at a nominal pressure of 263 kPa,
given in Fig. 8 and the final column of Table 4, have a similar tran-
sition in behaviour from the smooth surface result with relatively
high friction to a friction coefficient for the rougher surfaces close
to the friction coefficient of 0.13 observed for crossed tows with
effectively point contact conditions [5]. Mirroring the predictions
of contact geometry changes from line to point contact, there is a
sharp change in friction for roughness amplitudes between 0.005
and 0.05 lm, but little change for surfaces rougher than 0.05 lm.
This comparison supports the notion that the FE model captures
reasonably well the physical phenomenon controlling friction, i.e.
the change in fibre conformance with roughness topography
changes conditions at the contact from line to point contact.
Although qualitively helpful, a more sophisticated model would
be needed to make accurate quantitative predictions of friction,
including the three-dimensional geometry of the contacts and
the way that, at small contact pressures, only a small fraction of
the fibres in a given region make contact with the tool surface [5,7].
The friction results of Figs. 7 and 8 include contact between
fibres and either glass, for the smoothest surface, or nickel for
the roughened surfaces. It might be expected that changes in the
counterface material would significantly affect friction. However
Table 4
Application of FE calculations to experimental measurements at a nominal pressure of 263 kPa.
Ra (lm) Slope a/k p⁄/Et Contact ratio 2A/k Contact Friction coefficient
k = 100 lm k = 10 lm k = 100 lm k = 10 lm k = 100 lm k = 10 lm
0.005 5.5  105 7.8  104 0.017 0.35 1 0.67 Tending to line 0.24
0.0125 2.9  104 0.0025 0.067 1.6 1 0.26 Transition 0.20
0.025 3.3  104 0.0048 0.076 4.4 1 0.16 Transition 0.16
0.05 7.6  104 0.0084 0.18 11 1 0.10 Point 0.15
0.1 0.0014 0.015 0.35 >20 0.66 <0.1 Point 0.14
0.4 0.0065 0.043 2.7 >20 0.20 <0.1 Point 0.13
1.6 0.025 0.11 >20 >20 <0.1 <0.1 Point 0.12
3.2 0.044 0.15 >20 >20 <0.1 <0.1 Point 0.14
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suggesting that, in fact, the counterface material is not critical.
Instead it is supposed, following the inference in [5], that the inter-
facial strength and hence friction is determined by the strength of
the sizing on the fibres rather than the counterface material.
The above results highlight the importance of the slope and
wavelength in determining the extent to which the composite
fibres can conform to the tool surface and hence change the contact
mode from line to point contact. It is expected that the fibres (for
anisotropic surfaces) would conform relatively easily to the rough-
ness in the direction parallel to the surface machining marks. The
important characteristic of the tool roughness is, therefore, its vari-
ation along the fibre direction, and more specifically the wave-
length and slope in this direction.
The importance of fibre bending seen in the results of Fig. 11
suggest that fibre diameter could be expected to influence signifi-
cantly the friction behaviour, with larger diameter fibres being stif-
fer in bending and hence tending to lead to lower-friction point
contact behaviour.5. Conclusions
A comprehensive experimental study of the effect of tool sur-
face roughness topography on tow-on-tool friction has been car-
ried out. Friction force F versus normal load W curves were
recorded for carbon fibre tows in contact with counterface surfaces
having a wide range of average surface roughness Ra values from
0.005 to 3.2 lm. The slopes of these surfaces, which play the crit-
ical important role in the contact behaviour, increased in line with
the roughness amplitudes. All F-W curves obeyed the power law
description F = kWn with the exponent n being in the range 0.71–
0.91 and tending to increase with increasing roughness amplitude
and slope. Friction was found to increase rapidly with decreasing
surface roughness and slope for surfaces having an Ra less than
about 0.1 lm, but was relatively insensitive to roughness for
higher Ra values. A finite element based contact modelling
approach was used to explain these results in terms of the level
of tow conformance with the counterface surfaces. The smoother
low-slope surfaces allowed the tows to conform well to the sur-
faces and, hence, generate a higher real contact area and a friction
force more sensitive to changes in roughness, while the rougher
high-slope surfaces showed poor conformance allowing the peaks
of the roughness profile to dominate the contact causing the real
contact area under the fibres (and hence, the friction) to be less
sensitive to roughness.
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